ABSTRACT. The inheritance of antioxidant activity (AOA) and its association with seedcoat color was investigated in cowpea [Vigna unguiculata (L.) Walp.]. Four advanced cowpea lines, ARK95-356 (black seedcoat) and ARK98-348 (red seedcoat), which were high (H) in AOA, and ARK96-918 (cream seedcoat) and LA92-180 (cream seedcoat), which were low (L) in AOA, were selected from the 2002 Regional Southernpea Cooperative Trials. They were crossed in a complete diallel mating design, generating F 1 , F 1´ (1st generation and 1st generation reciprocal cross, respectively), F 2 , F 2´ (2nd generations from F 1 , F 1´) , BC 1 , and BC 2 (backcrosses to parents 1 and 2, respectively) populations. Individual seeds were ground and samples were extracted in methanol and analyzed for AOA using the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. Combining ability tests using Griffi ngʼs Method I Model I indicated presence of highly signifi cant general combining ability (GCA), specifi c combining ability (SCA), and reciprocal (RE) and maternal (MAT) effects, with pigmented lines exhibiting positive GCA and MAT, while nonpigmented lines exhibited negative GCA and MAT. AOA in the F 1 was not signifi cantly different from the maternal parent, with seedcoat color also resembling the maternal parent. Segregation for seedcoat color was observed in the F 2 and F 2´. Additive, dominance, and epistatic effects were signifi cant. The broad sense heritability estimate was 0.87. Minimum number of genes responsible for AOA was estimated at fi ve. Factors governing high AOA appeared to be the same as those responsible for seedcoat color, with apparent pleiotropic effects. In conclusion, breeding for high AOA in cowpea is possible using highly pigmented parental lines.
Cowpea is one of the most ancient food sources, cultivated throughout the world primarily as a pulse and vegetable. It is broadly adapted and grown successfully in extreme environments such as high temperature and low rainfall, and does well on poor soils with few economic inputs. Cowpea is a nutritious source of food, providing proteins, vitamins, minerals, and carbohydrates. The protein profi le complements roots, tubers, or cereals, especially in areas where the population cannot afford higher protein foods such as meat.
Several legumes, cowpea included, have been found to contain non-nutrient, bioactive phytochemicals that possess antioxidant capabilities (Beninger et al., 1998; Messina, 1999; Narasinga Rao, 1995; Nzaramba et al., 2003; Warrington et al., 2002) . Antioxidants are compounds that inhibit or delay the oxidation of other molecules by inhibiting the initiation or propagation of oxidizing chain reactions (Klein and Kurilich, 2000; Velioglu et al., 1998) . The Food and Nutrition Board of the National Academy of Science (1998) defi ned dietary antioxidants as substances in foods that signifi cantly decrease the adverse effects of reactive oxygen species, reactive nitrogen species, or both on normal physiological function in humans.
Antioxidant activity (AOA) is a fundamental property important for life. Antioxidants with versatile functions constitute a complex network to overcome oxidative stress suffered by aerobic organisms. Under certain circumstances, however, the natural defenses can be insuffi cient resulting in health problems, hence making administration of exogenous antioxidants as food constituents or therapeutic agents necessary and benefi cial (Niki and Noguchi, 2000) . Investigations have suggested that diets rich in antioxidant compounds are associated with longer life expectancy (Hertog and Hollman, 1996) . These compounds have many health-related properties such as anticancer, antiviral, and anti-infl ammatory effects, and ability to inhibit human platelet aggregation (Benavente-Garcia et al., 1997; Cook and Samman, 1996; Huang and Ferraro, 1992) , raising interest among scientists, food manufacturers, and consumers, as the trend of the future is moving toward functional foods with specifi c health effects (Robards et al., 1999; Velioglu et al., 1998) .
Synthetic antioxidants such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) have been used as antioxidants since the beginning of the 20th century; however, restrictions on their use are being imposed because of their suspected carcinogenicity (Barlow, 1990; Branen, 1975; Chang et al., 2002; Ito et al., 1983) . There is, therefore, a trend to replace these synthetic antioxidants with naturally occurring antioxidants (Koleva et al., 2002) . Natural antioxidants are present in foods as endogenous constituents (Shahidi, 2002) . Efforts are being undertaken to isolate, characterize and extract these compounds from plant sources (Morello et al., 2002) . Plants vary in composition of phytochemicals with concomitant protective functions. Hence, for maximum health benefi ts, suffi cient amounts of phytochemicals from a variety of sources such as fruit, vegetables, legumes, and whole grain-based foods are recommended.
Many studies have associated phenolic antioxidants with the color pigments of food plants. Comis (2000) stated that consumers who pay attention to the colors of foods they cook and serve are enhancing not only visual and gustatory pleasure, but nutritional effects as well. Amarowicz et al. (1996) indicated that extracts obtained from fi ve species of legumes with colored seedcoat, pea (Pisum sativum L.), faba bean (Vicia faba L.), lentil (Lens culinaris Medik.), and everlasting pea (Lathyrus latifolius L.), were characterized by high AOA. They also concluded that antioxidant substances in legumes were present mainly in the seedcoat. In earlier studies, while evaluating variability for AOA in the Regional Southernpea Cooperative Trials, it was observed that high AOA appeared to be associated with dark seedcoat color (Warrington et al., 2002) . Troszyńska et al. (2002) reported that extracts from P. sativum seedcoats exhibited pronounced AOA. They concluded that phenolic substances occurring in the seedcoat of colored pea cannot be neglected as a source of antioxidants. Some types of peas with colored seedcoats have a strong or astringent fl avor, granular texture, and dark liquor when cooked, making then unpopular (Fery, 1985) .
The challenge and responsibility for horticulturists is to design approaches to improve the nutritional quality and visual appeal of the food supply in order to provide a sustainable, inexpensive complement to medical and social programs that are striving to prevent human diseases (Simon, 1997) . This can be achieved through developing crops that provide signifi cant amounts of antioxidants. In order to breed for increased AOA in cowpea seeds, determination of the inheritance of AOA is necessary. Also, ascertaining the genetic relationship between AOA and seedcoat color would help breeders improve cowpea varieties while keeping in mind color preferences of consumers. The principal aim of this research was to elucidate the genetics governing AOA in cowpea seeds, which could therefore be utilized to improve cowpea varieties for this trait. The objectives of the study were to: 1) elucidate the nature of the inheritance of AOA in cowpea seeds by estimating heritability, number of genes involved, their additive and dominance effects, and nonallelic effects, and 2) further investigate the relationship between AOA and seedcoat color.
Materials and Methods
PLANT MATERIAL. Advanced lines in the 2002 Regional Southernpea Cooperative Trials were evaluated for AOA (results not shown). Four lines with extreme levels of AOA, ARK96-918, LA92-180, ARK98-348, and ARK95-356 were selected as parental lines for this study. Parental lines were planted in the greenhouse at College Station, Tex., in Fall 2002. Seeds were inoculated with Nitragin (LiphaTech, Milwaukee) and planted in 7.6-L plastic pots fi lled with Metro-mix 366 (Scotts-Sierra, Marysville, Ohio) growing medium. The pots were arranged in a completely randomized block design (Lentner and Bishop, 1993) , consisting of three blocks with fi ve pots per block and four seeds per pot. After germination, seedlings were thinned to two plants per pot.
Crosses were made between the parental lines (Table 3) in all possible combinations, including reciprocals, forming a 4 × 4 complete diallel design (Griffi ng, 1956 ). F 1 s and reciprocals, together with their parents from each block, were harvested and bulked. Thirty seeds were randomly chosen from F 1 and reciprocal populations for antioxidant analysis. The remaining F 1 , reciprocals, and parental seeds were planted in the greenhouse during the Spring 2003. Backcrosses were made at the same time, allowing F 1 s to self, generating F 2 and F 2´ populations. SAMPLE EXTRACTION. Thirty individual seed samples selected randomly from parental, F 1 and reciprocals, and 200 seeds selected from each of the segregating populations (i.e., BC 1 , BC 2 , and F 2 ) were analyzed. Individual seeds were ground with a Braun KSM2 (Braun U.S. Div., Boston) coffee grinder. The product was transferred to a porcelain mortar and further ground to a fi ne powder. The powder was weighed and placed in 1.5-mL microcentrifuge tubes. One milliliter of high-pressure liquid chromatography (HPLC)-grade methanol was added to each sample, homogenized using a laboratory mixer, and centrifuged for 15 min at 23,660 g n using a Biofuge 13 microcentrifuge (Heraeus Instruments, South Plainfi eld, N.J.).
DPPH ASSAY. Total AOA of the sample extracts was analyzed using DPPH (Brand-Williams et al., 1995) , a stable radical with strong oxidizing capacity. The DPPH methanol solution is dark purple in color and when reacted with an antioxidant the color fades. The change in color was measured as a reduction in absorbance using a spectrophotometer. The DPPH assay was prepared by dissolving 24 mg of DPPH in 100 mL of HPLC-grade methanol. The solution was diluted several times with methanol until its absorbance was 0.5 units at 515 nm on a Shimadzu Biospec-1601 (Shimadzu Scientifi c Instruments, Columbia, Md.) spectrophotometer. One hundred fi fty microliters of supernatant were pipetted into a scintillation vial in which 2850 µL of methanolic DPPH solution was added and left to react for 15 min on a shaker. The mixture was transferred to a plastic ultra-violet cuvette and its absorbance recorded at 515 nm. Absorbance of a control containing 150 µL of methanol with DPPH was recorded after every 12 samples were analyzed. Change in absorbance of each sample was computed as the difference between the control and sample readings.
Known concentrations of Trolox were used to prepare a standard curve with linear regression, which was used as a reference for comparing the sample extracts. The regression curve computed was Y = 892.98X, where Y was the concentration of Trolox in µM, and X the change in absorbance of DPPH due to reduction by Trolox. Antioxidant activity of seed extracts was expressed as Trolox equivalents using the following equation; Y = 892.98 STATISTICAL ANALYSIS. Analysis of variance (ANOVA) was performed with the PROC GLM procedure from SAS (SAS, 1999) . The model used in ANOVA was Y ijk = µ +b i + r j +g k + ε ijk , where Y ijk is the observed value in the j th replication of the k th genotype in the i th block, µ is the general mean, b i is the block effect, r j is the replication effect, g k is the effect of the k th genotype and ε ijk is the residual effect.
Comparisons among parents, F 1 s and reciprocals were done following Griffi ngʼs (1956) Method I Model I, where all genotypes including parents were considered fi xed. The diallel analysis of variance was done by the DIALLEL-SAS program developed by Zhang and Kang (1997) . The sum of squares for the crosses was partitioned into general combining ability (GCA), specifi c combining ability (SCA), and reciprocal effects (RE). The RE were partitioned into maternal (MAT) and nonmaternal (NONM) effects following Cockerhamʼs (1963) method using SAS codes adopted from Kang (2003) .
Broad sense heritability was computed according to Hallauer and Miranda (1981) , H 2 = 2σ 2 GCA /(σ 2 /r + σ 2 SCA + 2σ 2 GCA ). The GCA:SCA ratios with a theoretical maximum of unity were computed according to Baker (1978) as follows: GCA:SCA = 2MS GCA /(2MS GCA + MS SCA ); where MS GCA is the GCA mean square and MS SCA is the SCA mean square.
Generation means and variances were used to determine gene actions by performing scaling tests (Mather and Jinks, 1971) . Three scaling tests were performed, A = 2BC 1 -P1 -F 1 , B = ˆˆˆ to be a strong relationship between seedcoat color and AOA. Both negative and positive GCA effects are of interest since they may permit breeding for different levels of AOA.
Specifi c combining ability effects were not signifi cant for all crosses except ARK98-348 × LA92-180 (Table 3) . These results indicate that nonadditive gene effects were signifi cant in this cross. All crosses showed highly signifi cant RE effects for AOA, especially those between pigmented and nonpigmented parents. The mean square for RE effects was partitioned into MAT and NONM effects (Tables 1-3) . Maternal effects were highly signifi cant (Tables 1 and 2 ) while NONM effects were not signifi cant (Tables 1 and 3 ). These results indicate that reciprocal effects were mostly due to MAT since the NONM component of the RE was not signifi cant.
The GCA:SCA ratio computed was 0.99, which is near the theoretical maximum of unity. This provided further evidence for presence of additive gene action among the loci that control AOA (Baker, 1978) . Heritability on an individual plant basis (broad sense) was estimated to be 0.87. According to Bernardo (2002) individual plant measurements of quantitative traits are prone to z GCA = general combining ability; SCA = specifi c combining ability; RE = reciprocal effects; MAT = maternal effects; NONM = nonmaternal effects. ** Signifi cance at P ≤ 0.01. 2BC 2 -P2 -F 1 , and C = 4F 2 -2F 1 -P1 -P2; where P1, P2, F 1 , F 2 , BC 1 , and BC 2 are the means of parents, F 1 crosses, F 2 s, and backcross generations, respectively. Joint scaling tests were performed using regression (Cavalli, 1952) are the variances of backcross generations with P1 and P2 as recurrent parents, respectively. The standard error of estimate for minimum number of genes was computed using the following formula (Lande, 1981) :
, and σ 2 BC 2 are variances of parents, F 2 s and backcrosses. N is the number of individuals in the generation corresponding to its subscript.
Results and Discussion
DIALLEL ANALYSIS. Signifi cant differences among crosses were revealed by the ANOVA (Table 1) . Diallel analysis showed highly signifi cant GCA, SCA, and RE mean squares. The signifi cance of both GCA and SCA implies that additive and dominance effects contributed to the genetic control of antioxidant activity in the lines used in this study. Results show that additive effects were more important than dominance effects since the mean square for GCA was greater than that for SCA (Table 1) . According to Goffman and Becker (2001) the relative amount of GCA variance may have been overestimated since the parents used in this study were not randomly selected, but rather selected for extreme (highest and lowest) values of total AOA.
Combining abilities reported could be biased by the lack of independent distribution of genes in the parental lines as a result of the small number of lines used in the study (Baker, 1978) . Despite the limitations mentioned above, information from this study is helpful in identifying the best sources of antioxidant activity among the lines used. Estimates of GCA were signifi cant for all parents (Table 2) . Parental lines with high AOA (ARK98-348 and ARK95-356) exhibited large positive GCA effects, while the low AOA lines (ARK96-918 and LA92-180) had negative GCA effects. In addition, pigmented lines exhibited positive GCA while nonpigmented ones exhibited negative GCA. Therefore, there seems > @ z P1 = female parent; P2 = male parent; F 1 = 1 st generation seeds; F 1´ = 1st generation seeds from reciprocal cross; F 2 = 2nd generation seeds; F 2´ = 2nd generation seeds from reciprocal cross; BC 1 = backcrosses to parent 1; BC 2 = backcrosses to parent 2. y H = high AOA; L = low AOA.
x Means with same letter superscript are not signifi cantly different by LSD at P ≤ 0.05.
large nongenetic effects, resulting in higher estimates of heritability. However, this high value suggests that improvement of AOA in cowpea can be realized through breeding if some of this genetic variation is additive. This estimate of heritability pertains to the conditions in this study and the four lines used, as they were not randomly selected. Some reports have referred to this kind of estimate (ratio of genetic variation to phenotypic variation) as repeatability when nonrandom genotypes are evaluated (Fehr, 1987) . GENERATION MEAN ANALYSIS. All F 1 hybrids had the same color as their female parent, and their levels of AOA were not signifi cantly different from that of the female parent (Table 4) . Crosses in which F 1 s were signifi cantly different from the higher parent were ARK98-348 (H) × LA92-180 (L) and ARK95-356 (H) × LA92-180 (L), but still AOA levels were closer to the higher parent than the lower parent. Backcrosses were similar in color to their recurrent parents and also not signifi cantly different in AOA.
Crosses involving pigmented and nonpigmented parents produced F 2 and F 2 reciprocal seeds of a slightly different shade than either parent. F 2 seeds from the cross between red (P1) and black (P2) lines were black, indicating dominance of the gene(s) responsible for black to that responsible for red seedcoat color (Table 4) . Similar results were observed by Saunders (1959) and Calub (1968) . Saunders (1959) reported that most of the common colors and color patterns of the cowpea seedcoat result from interactions between two or more genes. He stated that the gene responsible for black color is dominant to all but the purple seed color. Calub (1968) suggested that black is epistatic to all colors regardless of the presence of other color genes.
Antioxidant activity of F 2 seeds from the cross ARK98-348 (H, red) × ARK95-356 (H, black) was signifi cantly different from that of the ARK98-348 parent but not signifi cantly different from ARK95-356 parent. These results showed that factors controlling AOA in black) were dominant to those in ARK98-348 (H, red), with dominance negative in relation to ARK98-348 (H, red) since it exhibited more activity than black) .
Crosses between pigmented (red or black) and nonpigmented (cream) lines showed dominance of pigmented lines over nonpigmented lines for both seedcoat color and AOA (Table 4) , thus supporting the apparent relationship between seedcoat color and AOA. Pigmented lines seem to possess favorable factors that enhance AOA. The inheritance pattern among factors governing AOA in the lines studied is similar to that of factors responsible for seedcoat color, hence indicating a very strong relationship between these traits.
GENE EFFECTS.
Scaling tests (A, B, and C) were not signifi cant in the crosses ARK98-348 (H) × ARK95-356 (H) and ARK96-918 (L) × LA92-180 (L), implying that the additive-dominance model was satisfactory in explaining the variation among generations (Table 5) . A three-parameter model (m, [a] and [d] ) was fi tted for these crosses and all parameters involved were signifi cant. Greater additive than dominance effects were observed in cross ARK98-348 (H) × ARK95-356 (H) which involved both pigmented parents.
Some of the scaling tests in crosses ARK98-348 (H) × ARK96-918 (L), ARK98-348 (H) × LA92-180 (L), ARK95-356 (H) × ARK96-918 (L), and ARK95-356 (H) × LA92-180 (L) were signifi cant (Table 5) . Therefore, a simple additive-dominance model would not be adequate in explaining variation among generations from these crosses (Kearsey and Pooni, 1996) .
Failure of the simple additive-dominance model to fi t the data in some crosses (Table 5 ) implies that some of the assumptions on which the model was constructed were not valid (Mather and Jinks, 1977) . Scaling tests (A, B, and C) assume simple autosomal inheritance of the factors concerned. Therefore, they do not hold if differential viability, maternal effects, and nonallelic (epistatic) interaction between genes exist (Kearsey and Pooni, 1996) . A six-parameter model including nonallelic interaction was fi tted, using the joint scaling test, to determine the type and magnitude of gene action involved in the crosses in which the simple additive-dominance model was inadequate (Cavalli, 1952 (Table 5 ). This confi rmed the presence of nonallelic interactions, thus explaining the failure of the simple additive-dominance model observed in these crosses.
The sign of the dominance effects Table 5 ). This suggested presence of duplicate gene interactions in these crosses (Mather and Jinks, 1977) .
The minimum number of factors or genes controlling AOA was estimated to be 4.9 ± 0.3 (Table 6 ). This estimate is in the range proposed by Lande (1981) who reported that the effective or minimum number of freely-segregating genetic factors involved in producing a large difference between populations in a quantitative trait is estimated to be ≈5 or 10. Estimates from crosses ARK98-348 (H) × ARK95-356 (H) and ARK96-918 (L) × LA92-80 (L) were less than one, because the range of genetic variance in F 2 generations exceeded the mean difference of the parental generations. Hence the method used for estimation was of little value in these two crosses. 
Conclusions
There is a very strong relationship between AOA and seedcoat color. Pigmented varieties of cowpea possess favorable factors that enhance AOA. Factors governing high AOA in cowpea seeds appear to be the same factors responsible for seedcoat color, with apparent pleiotropic effects. The inheritance pattern of factors governing AOA is similar to that of factors governing seedcoat color.
There are varying levels of AOA among cowpea varieties. Color factors appear to impart these differences; therefore, higher levels of activity can be obtained utilizing colored cowpea varieties as parents.
Antioxidant activity is highly heritable in cowpea, as indicated by a large estimate of heritability. Therefore, selection for this trait can be achieved with minimal effort using pigmented varieties as preferred parental material.
